1
applying this known information to our sub-tomogram average. We started by superposing an 1 1 2 atomic model of the extended R-type pyocin (PDB 3J9Q) onto the sub-tomogram average of the 1 1 3 extended sheath using the Hcp inner tube as a reference (Fig. 3a) . In the extended R-type pyocin 1 1 4 structure, the sheath protein interacts with Hcp through an attachment α -helix close to the C-1 1 5 terminus 11 , which is also present in the M. xanthus T6SS sheath protein TssC. In our sub-1 1 6
tomogram average we see a clear connection between the sheath and Hcp densities, which is well 1 1 7
occupied by the attachment α -helix (Fig. 3a, arrow) . The other parts of the pyocin sheath protein 1 1 8 structure do not fit the density well, since the T6SS sheath is formed not by a single protein but 1 1 9
by a TssB-TssC heterodimer and contains an extra recycling domain. Near-atomic-resolution 1 2 0
structures of the TssB-TssC heterodimer were resolved previously in contracted T6SS sheaths 1 2 1 . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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2 4
We superposed the MxTssBC model onto the pyocin sheath protein based on their structurally 1 2 5
conserved domains 11 (Fig. 3b) . The result of this superposition suggests that the T6SS TssB-
2 6
TssC likely uses the same attachment α -helix to interact with the Hcp protein in the inner tube 1 2 7
( Fig. 3b, arrow) , but the MxTssBC model did not fit the density best in this orientation. It has 1 2 8
been shown that upon pyocin sheath contraction, the sheath subunits rotate as rigid bodies. We 1 2 9
therefore hypothesized that the structure of individual MxTssBC subunits remains the same in 1 3 0 the extended sheath as in the contracted one. We then treated MxTssBC as a rigid body and 1 3 1
slightly rotated it to best fit the density while maintaining the location of the attachment α -helix 1 3 2
for interaction with Hcp ( Fig. 3c, d ). We also replaced the Hcp structure with a homology model TssB C-terminus in the MxTssBC model (Fig. 3e, arrow) . This structure comprises the recycling 1 4 4 . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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densities at the tips of the ridges. As mentioned above, these densities were not observed in high-1 6 0 resolution reconstructions of purified contracted sheaths 12,13 , but were seen in a lower-resolution 1 6 1 reconstruction 21 . This suggests that the tip regions might exhibit greater flexibility than other 1 6 2 parts. In our sub-tomogram average, these additional densities could be partially occupied by the 1 6 3
TssB C-terminal helices (Fig. 3g , h, arrows), as we saw for the extended conformation.
1 6 4 1 6 5
The pseudo-atomic models of extended and contracted M. xanthus T6SS sheaths generated here 1 6 6 support the hypothesis that the T6SS and R-type pyocin share a similar architecture and 1 6 7 . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint . http://dx.doi.org/10.1101/108233 doi: bioRxiv preprint first posted online Feb. 14, 2017; mechanism (Fig. 4) . In our models the protofilaments of the T6SS undergo similar motions to 1 6 8 pyocin upon sheath contraction (Fig. 4b , e, h, k), but when the same number of layers of the 1 6 9 T6SS and pyocin are compared, the pyocin shows greater contraction (~33% shortening in the 1 7 0 T6SS vs. ~56% in pyocin). However, since the length of extended T6SS can be more than 4X the 1 7 1 length of pyocins 11 , T6SS can still penetrate deeper into the target cell. 1 7 2 1 7 3
The extended pyocin structure reported in a previous study revealed details of the interactions hexamers in the T6SS are also packed helically with the symmetry of the sheath (Fig. 4c , f, i, l).
While many aspects of the T6SS structure and contraction mechanism are clearly conserved with 1 8 2 the R-type pyocin, a key difference is the presence of recycling domains on the T6SS sheath 1 8 3 (Fig. 4a, b, d , e). As discussed above, in the contracted T6SS sheath, the recycling domain is 1 8 4
exposed at the tip of the sheath ridges and is less conformationally rigid, possibly allowing 1 8 5
access to the ATPase ClpV for sheath disassembly. Here we show that in the extended sheath, 1 8 6 the recycling domain is partly obstructed by interaction with the neighboring protofilament ( Fig.   1  8  7 4b). We speculate that this protection of the recycling domain prevents premature disassembly of 1 8 8
the extended sheath by ClpV. In addition, in the extended pyocin structure, most of the 1 8 9
interactions among sheath subunits are confined to within a single protofilament. Only the 1 9 0 . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint . http://dx.doi.org/10.1101/108233 doi: bioRxiv preprint first posted online Feb. 14, 2017; extended flexible arms on the N-and C-termini of sheath subunits link neighboring 1 9 1 protofilaments 11 (Fig. 4h) . Here we observed that the recycling domain of the T6SS sheath is 1 9 2 sandwiched in between two neighboring protofilaments (Fig. 4b) , suggesting that this domain 1 9 3
might also be involved in assembly and stabilization of the extended sheath.
1 9 4 1 9 5
Finally, we placed our new sub-tomogram average and the previously solved structures of 1 9 6
individual components into the overall density (Fig. 5a-c) . The baseplate has been proposed to . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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order to span through the L1, L2 and L3 density layers (~300 Å) to interact with both the 2 1 5 membrane complex and the sheath/Hcp tube, TssK must exhibit a more extended conformation 2 1 6
or form a higher-order oligomer in the assembled baseplate in vivo than in the isolated structure 2 1 7 in vitro.
We next generated a homology model of the spike complex by concatenating the structure of 2 2 0
VgrG from bacteriophage T4 (PDB 1K28) 25 with the crystal structure of the T6SS PAAR-repeat 2 2 1 protein (PDB 4JIV) 26 (Fig. 5b) . VgrG was shown to interact directly with the Hcp tube 27 . We with the PAAR-repeat protein for delivery 2, 26, 28 . We therefore speculate that cargo effectors may 2 2 7
partly contribute to this density (Fig. 5c) . Recently, the T6SS membrane complex, composed of 2 2 8
TssJ and TssM in the periplasm and TssL mainly in the cytoplasm, was purified and visualized 2 2 9
by single particle cryo-EM
29
. The overall shape and dimensions of this single particle structure 2 3 0 fit our in vivo densities well. However, the potential TssL density in the cytoplasm is more 2 3 1 extended in our sub-tomogram average, perhaps due to better structural preservation in the native 2 3 2 environment and intact association with baseplate proteins (Fig. 5c ). The remaining unassigned 2 3 3 baseplate densities in L2 and L3 are likely contributed by the baseplate proteins TssF, TssG and 2 3 4
TssK (Fig. 5c ). The extracellular bacteriophage tail fiber-like antennae which seen in individual 2 3 5 T6SS (Fig. 1d ) is shown by a 3-D segmentation in Fig. 5d .
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In summary, here we have presented the first sub-tomogram average of an extended T6SS sheath 2 3 8 structure, revealing new insights into how its recycling domains are regulated. We also present 2 3 9 the first visualization of the baseplate structure, revealing how it associates with the membrane . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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